Adenoid cystic carcinomas (ACC) constitute 1% of all head and neck malignancies and are very rare in the oral cavity. With <60 oral ACCs described, their pathobiology is incompletely understood. Here, we report a case of oral cavity ACC in a 54-year-old woman. Since recent studies have demonstrated that several human tumors overexpress the hydrogen sulfide (H2S)synthesizing enzymes cystathionine-β-synthase (CBS), cystathionine γ-lyase (CSE), and 3-mercaptopyruvate sulfurtransferase (3-MST), and also show dysregulated H2S levels, we examined these biomarkers in the oral ACC and compared the results to those of adjacent benign oral epithelium. Western blotting was used to compare the protein expression of CBS, CSE, 3-MST, nicotinamide phosphoribosyl transferase, and mitoNEET in ACC and adjacent benign oral mucosae. High-performance liquid chromatography was used to quantify the differences in tissue H2S concentrations between the two biopsy types. We found that all the proteins examined here were increased in the ACC compared to adjacent benign oral mucosae. Interestingly, H2S concentrations were decreased approximately 30% in ACC compared to benign mucosae. Dongsoo et al.: Hydrogen Sulfide and Hydrogen Sulfide-Synthesizing Enzymes Are Altered in a Case of Oral Adenoid Cystic Carcinoma 586 Thus, in one example of this rare tumor type, the enzymes that synthesize H2S are increased, while tissue H2S levels are lower than those found in adjacent benign oral mucosae. Although limited to a single rare tumor type, to our knowledge this is the second time H2S concentrations have been directly quantified inside a human tumor. Last, our results may indicate that alterations in H2S synthesis and metabolism may be important in the pathobiology of ACC.
Introduction
Adenoid cystic carcinoma (ACC) is an uncommon tumor comprising about 1% of all head and neck tumors, with a yearly incidence rate of 3-4.5 cases per million [1, 2] . ACC was first described by Robin, Lorain, and Laboulbene in two articles published in 1853 and 1854, who identified the characteristic non-luminal basaloid cells with scant clear to eosinophilic cytoplasm and angulated hyperchromatic nuclei, often growing in a cribriform pattern. ACC has an indolent growth pattern with an aggressive long-term clinical pattern and a propensity for perineural invasion. ACC commonly occurs in the parotid, submandibular, and major salivary glands, accounting for 27.9% of all salivary gland malignancies [1, 2] . At the molecular level, ACCs often express c-kit, EGFR/HER-1, SOX4, SOX10, cyclin D1, and mutated p53, and show PI3K/AKT pathway activation and E-cadherin loss [1] [2] [3] . ACCs of the oral cavity are rare, with <60 cases described [1, 2, 4] . Histologically and immunohistochemically, oral ACCs resemble ACCs found at other anatomic locations, although few of these tumors have been examined in detail. Here, we described an oral ACC case and measured tumor and adjacent benign oral mucosae for hydrogen sulfide (H2S) levels and H2S-synthesizing enzymes.
Case Report
A 54-year-old woman presented with a history of a swelling in the right posterior buccal mass, approximately 2.0 cm in size, that was accompanied by a throbbing pain. The patient was consented for surgery and, after an Institution Review Board approval, biopsies were taken for study. At surgery, a 1.5 cm area was marked circumferentially around the tumor with bovie electrocautery. Three 4-mm punch biopsies were obtained from the periphery of the margin, and three 4-mm punch biopsies of the central ACC tumor core were taken. These were immediately placed in marked Eppendorf tubes and placed in a liquid nitrogen bath. Less than 20 s passed between taking the punch biopsy and the biopsies being placed in liquid nitrogen. We use the term "benign oral mucosae" to describe the benign tissue punch biopsies. As the half-life of H2S in tissues is approximately 2 min, microdissecting the tissue was not possible if H2S tissue concentrations were to be properly analyzed [5] . The samples were passed on to the Pathology Department for further analysis. Upon histopathologic analysis, a diagnosis of ACC was rendered, and the lesion was staged as pathologic stage pT4a pN0, stage group IVA. Representative H&E sections of the tumor are shown in Figure 1 .
To further analyze the ACC, we performed Western blotting on the ACC/benign mucosal tissue pair for cystathionine-β-synthase (CBS), cystathionine γ-lyase (CSE), 3-mercaptopyruvate sulfurtransferase (3-MST), nicotinamide phosphoribosyl transferase (Nampt), and mi-toNEET. The Western blots were performed as previously described [6] . As shown in Figure  2 , the 3 enzymes that synthesize H2S (CBS, CSE, and 3-MST, Fig. 2a-c) were increased in the ACC samples compared to the benign oral mucosa samples, with 3-MST being most highly induced. Additionally, Nampt and mitoNEET were also induced in the ACC compared to benign oral mucosa samples (Fig. 2d, e ). Last, we measured bioavailable free H2S, acid-labile, and bound (sulfane sulfur) levels, as previously reported [7] . As shown in Figure 3 , H2S levels and the acid-labile (iron-bound) sulfur fractions were lower in the ACC case than was observed in the benign oral mucosae, while the sulfane fraction was increased in the tumor compared to the benign oral mucosae. To ensure accuracy of the sulfur pool measurements, each sulfur pool was analyzed three times, and the p values were calculated. The free H2S was significant at p = 0.0299. The remaining sulfur pools did not show significant p values.
Discussion
Here, we report a rare case of oral ACC. As there are few examples of this tumor type, we decided to analyze the H2S-synthesizing enzymes CBS, CSE, and 3-MST, along with Nampt and mitoNEET, and directly measured the free H2S pool, and the acid-labile and bound (sulfane sulfur) cellular pools. H2S is a recently discovered gasotransmitter that promotes increased cancer cell growth and cell cycle progression, metastasis, invasion, angiogenesis, and chemotherapy resistance [5, 7, 8] . As has been found in several other human tumors, we found the H2S-synthesizing enzymes were increased in the ACC compared to benign oral mucosa samples ( Fig. 2a-c) . While the relative activities of the H2S-syntheizing enzymes were not measured, the increases in CBS, CSE, and 3-MST suggest that increased H2S synthesis is part of the ACC tumor biology. Nampt is increased in several human malignancies; and, interestingly, Nampt coregulates CBS and CSE, with inhibition of either enzyme lowering cellular Nampt levels, and Nampt inhibition lowering CBS and CSE protein expression [6, 9, 10] . Our finding that it is increased in this case of ACC is not surprising, as increased Nampt expression appears to be a common event in human malignancies.
MitoNEET was highly increased in the oral ACC compared to benign oral mucosae (Fig.  3e) . MitoNEET is increased in several human tumors, and high mitoNEET expression suppresses apoptosis and autophagy and lowers intramitochondrial iron concentrations, likely allowing tumor cells to tolerate higher reactive oxygen species, while avoiding ferroptosis [6, 11] . Last, we found that free H2S and the iron-bound sulfur pool were lower in the ACC compared to benign oral mucosae, while the bound or sulfane faction was increased in the ACC (Fig. 3) . This finding is interestingly in light of the increased ACC expression of CBS, CSE, and 3-MST. Previously, we found that oral squamous cell carcinoma had elevated CBS, CSE, and 3-MST protein expression compared to benign oral mucosae, while free H2S was significantly but also only slightly increased, on average, in the malignant carcinoma.
We concluded that oral squamous cell carcinoma likely produces high amounts of H2S and rapidly metabolizes it as part of tumor maintenance and growth [6] . Our findings here give some support to that hypothesis, as ACC shows increased H2S-synthesizing enzymes, but lower free H2S tissue concentrations. The acid-labile/iron-bound sulfur fraction is largely mitochondrial [5, 7, 8] . Since increased mitoNEET, which we observed here, lowers mitochondrial iron concentrations, this finding may reflect ACC mitochondrial alterations secondary to increased mitoNEET levels, along with other factors [11] . Last, the increase in the ACC sulfane pool may reflect increased H2S sulfur moving into this sulfur pool.
The obvious limitation of this study is that only a single very rare tumor type was examined. Our results suggest that dysregulated H2S metabolism is part of oral ACC and likely ACC biology in general. Furthers studies are needed. 
